The aim of this study was to establish primary and secondary models to describe the growth kinetics of Byssochlamys fulva on solidified apple juice at different temperatures. B. fulva was inoculated on solidified apple juice at 10, 15, 20, Baranyi and Roberts, and Huang primary models (without upper asymptote) were fitted to the data, and they showed good ability to describe the growth kinetics. B. fulva showed longer adaptation time on apple juice than on culture medium, but growth rates were similar as reported in the literature. The dependence of µ max and λ parameters on temperature was described with Square Root and Arrhenius-Davey secondary models, respectively. These models were important to establish process/storage conditions and apple juice shelf life.
INTRODUCTION
Some mould species are heat resistant due to their ability to produce ascospores. Byssochlamys sp. are responsible for spoilage and degradation of processed fruit juices and fruit-based products, since they can grow in acidic environments and under low oxygen partial pressures. Furthermore, some of them have been reported as mycotoxin producers (Houbraken et al. 2006; Panagou et al. 2010) . Byssochlamys is heat resistant fungal genus most implicated in the spoilage of fruit juices and foods (Tribst et al. 2009 ), since clarified apple juice can be easily spoiled by B. fulva even at a very low initial contamination . Thus, the evaluation of growth kinetics of this mould is important in food safety, since the patulin production in apple juices by this mould species was confirmed by Sant'Ana et al. (2010) . B. fulva growth kinetics was recently studied in papaya pulp (Silva et al. 2013 ). However, it has not been studied in apple juice. Nowadays, there is an increasing number of studies to evaluate the influence of different environmental conditions (e.g., water activity and temperature) on the growth kinetics of moulds (Tassou et al. 2007; Gougouli and Koutsoumanis 2010; Garcia et al. 2011; Astoreca et al. 2012; Silva et al. 2013) . The growth quantification of filamentous fungi is not an easy task since they do not grow as single cells, but as filamentous hyphae. Thus, the growth cannot be quantified by the enumeration techniques (e.g., plate count) normally applied to quantify bacteria and yeast (Taniwaki et al. 2006) . The complexity and lack of good quantification methods have discouraged the studies in this field. One of the methods commonly used for quantifying mould growth is the measurement of the colony diameter over time (Tassou et al. 2007; Gougouli and Koutsoumanis 2010) .
Modeling the growth of filamentous fungi has been performed mainly for the linear growth range, where the slope of the curve is defined as the maximum growth rate (Wyatt et al. 1995; Dantigny et al. 2005; Gougouli and Koutsoumanis 2010) . However, sigmoidal models describing all growth phases (adaptation time, maximum growth rate, and stationary phase) could be more able to assess mould growth, since the parameter estimation can be made for the whole curve. Sigmoidal models were originally developed to describe bacterial growth, but some works used these models to describe mould growth (Tassou et al. 2007; Silva et al. 2010; Astoreca et al. 2012) . The Baranyi and Roberts (Baranyi et al. 1993; Baranyi and Roberts 1994) sigmoidal model was successfully used to assess the growth of 14 different mould species (Marín et al. 2008) . The moulds often show a great ability to grow occupying all the available space (Marín et al. 2008) . In these cases, there is no way to evaluate the maximum diameter reached by the mould, thus models that do not consider the stationary growth phase (models without upper asymptote) should be used. The objective of this study was to evaluate the growth kinetics of B. fulva on solidified apple juice under five isothermal conditions (10, 15, 20, 25, and 30 °C) and the ability of the Linear-withbreakpoint, Baranyi and Roberts, and Huang models without upper asymptote to describe the growth kinetics of this mould.
MATERIAL AND METHODS

Microorganism and Preparation of Spore Suspension
Byssochlamys fulva IOC 4518 strain was isolated from apple juice concentrate in a previous work (Salomão et al. 2008 ). The preparation of B. fulva spores was started by pre-sporulation in Petri dishes containing Potato Dextrose Agar (PDA) medium (pH 3.5) at 30 °C for seven days. The collected spores were added to the plates containing Malt Extract Agar (MEA) medium and incubated for 30 days at 30 °C. After this period, 1.0 mL of sterile distilled water was added to each plate, which was scraped with a rubber spatula. The entire plate content was filtered through four layers of sterile gauze and centrifuged at 3,500 rpm (2,000 times the force of gravity) for 15 min. This procedure was repeated until no hyphae were seen under the microscope. The final suspension was prepared with the precipitate in a minimum volume of water, sufficient to obtain a highly concentrated suspension (around 10 5 UFC/mL) (Salomão et al. 2007 ). The B. fulva suspensions were transferred to a flask and kept at 4°C until use.
Growth Medium
Diluted apple juice was prepared from clarified and concentrate apple juice (70° Brix) supplied by Fischer S/A, Videira/SC, Brazil. The pH of the juice was adjusted to 3.8 by means of sodium hydroxide (1 mol/L) or hydrochloric acid (1 mol/L) solutions. Soluble solids content was adjusted to 25° Brix (refractometer AR200, Reichert, USA) through dilution with distilled water. A hygrometer (Aqua Lab Model 3TE, Decagon Devices, USA) was used to measure the juice's water activity (a w ), which was equal to 0.97 for diluted apple juice. Growth medium was prepared with 100 mL of this formulated juice added to 1.5 g of agar, and this mixture was heated and maintained at 115 °C for 1 min. Then, the growth medium was placed in Petri dishes (150 mm in diameter).
Inoculation and Growth Kinetics of B. fulva
The plates containing solidified apple juice were individually inoculated in a laminar flow chamber by depositing a loopful of the microorganisms' suspension in the center of each plate. Next, the plates were wrapped in plastic film and incubated at constant temperature (10, 15, 20, 25, and 30 °C) for three months or until the fungi reached the entire plate. The growth kinetics of B. fulva was analyzed by measuring the colony diameter on the surface of solidified apple juice over time at different incubation temperatures. Experimental data were obtained by averaging the measurements of colonies at four different positions in each plate for three different plates. The reverse sides of colonies were measured with a ruler (± 0.5 mm) every 12 h, resulting in the kinetics of the colony diameter (mm) over time (days). Plating of diluted apple juice with agar without inoculation was performed at each incubation temperature in order to verify whether the medium was free of contamination.
Mathematical Modeling
The ability of the Linear-with-breakpoint (LIN) (Dantigny et al. 2005 ), Baranyi and Roberts (BAR) (Baranyi et al. 1993; Baranyi and Roberts 1994) , and Huang (HUA) (Huang 2008 ) models (without upper asymptote) to describe the experimental data were assessed in this study. The LIN model was used to describe only the linear growth phase (Equation (1)). On the other hand, the BAR (Equation (2)) and HUA (Equation (3)) models were used to describe the biphasic growth curve (adaptation time and maximum growth rate). The differential equations of the BAR and HUA original models were reduced so as not to consider the stationary growth phase (upper asymptote). For all models, D(t) is the colonies' diameter (mm) at the time t (day), µ max is the maximum growth rate (mm/day), λ is the adaptation time (day), and α (1/day) is an empirical curvature parameter, fixed as suggested by the author (α = 25) (Huang 2008) .
Secondary models normally used for modeling growth parameters of bacteria have been used for parameters of moulds (Dantigny et al. 2005) , like the Square Root and Arrhenius-Davey models. The dependence of µ max and λ parameters on the temperature were described by the Square Root model (Ratkowsky et al. 1982) , Equation (4), and the Arrhenius-Davey model (Davey 1989) , Equation (5), respectively. In these models, T is the temperature (°C), T min is the theoretical temperature for minimal growth (°C), and b, C 0 and C 1 are empirical parameters.
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The fitting of primary and secondary models to the data was performed by the Curve fitting tool of Matlab software (MathWorks, Natick, USA) using the non-linear least squares method and the trustregion reflective Newton algorithm.
Statistical Analysis
The ability of the primary models to describe the experimental data was assessed through the rootmean-square error (RMSE) and the adjusted coefficient of determination (R 
Good fits are obtained when RMSE values are almost zero, and R 2 adj values are almost one.
RESULTS AND DISCUSSION
Modeling B. fulva
Growth at Different Temperatures
The experimental data of B. fulva growth on solidified apple juice showed typical mould growth curves, with clear adaptation time and linear growth phases, absence of stationary growth phase (during the evaluated time), and temperature-dependent growth rates. For the higher temperatures (20, 25, and 30 °C) , the maximum diameter of the plate (150 mm) was reached by the B. fulva colonies, whereas at 10 and 15 °C, no stationary phase was observed over the experimental time. Similar growth behavior for many mould species on solid medium was reported by Marín et al. (2008) . All the evaluated primary models were able to describe very well the growth of B. fulva on solidified apple juice. The R 2 adj and RMSE values for the LIN, BAR, and HUA models fitted to the experimental data at 10, 15, 20, 25, and 30 °C are shown in Table 1 . The good ability of the models to describe the experimental data could be verified through the low RMSE (below 5.37 mm) and high On the other hand, the Huang model has not been used to describe mould growth. The statistical indexes RMSE and R 2 adj were almost the same for the fitting of the LIN, BAR, and HUA models to the data (Table 1) . Dantigny et al. (2005) reported regression coefficients often greater than 0.99 for the LIN model. The main difference among the models is the approach, where the LIN model is fitted only for the linear phase, while the BAR and HUA are fitted for both adaptation time and linear phase. Thus, the LIN model can be easier to use for being simpler, while the BAR and HUA models can be more practical because all experimental data can be used in the modeling. Marín et al. (2008) found that for large plates, the BAR model (without upper asymptote) would be the best model to describe mould growth. The results in this study showed that the HUA and LIN models could be also successfully used in these cases. 
Modeling Dependence of µ max and λ Parameters on Temperature
The model parameters µ max and λ estimated by the fitting of each model to the experimental data are shown in Table 2 . Both estimated parameters showed great similarity for all the models, mainly for the BAR and HUA models. The good ability of the Square Root and Arrhenius-Davey models to describe the dependence of µ max and λ parameters with the temperature could be verified through the high R 2 adj (above 0.940) values obtained, as shown in Table 3 . The fitting of the Square Root model to the µ max parameter data obtained from the HUA model is shown in Figure 2 , and the fitting of the Arrhenius-Davey model to the λ parameter data obtained from the HUA model is shown in Figure  3 . These results confirmed a strong dependence of the adaptation time (λ) and maximum growth rate (µ max ) parameters of B. fulva on the temperature. 
Effects of Environmental Conditions on Mould Growth
Many studies have focused on the effect of different water activities on mould growth (Zimmermann et al. 2011 ). The present study focused on the effects of different temperatures on mould growth at a fixed water activity. Panagou et al. (2010) (Astoreca et al. 2012 ). Thus, the B. fulva growth parameters on malt extract agar (Panagou et al. 2010 ) and on solidified apple juice (results of the present study) were compared, as shown in Table  4 . The main difference was observed for the adaptation time (λ parameter), probably due to the needed time for the mould adaptation on the more complex apple juice growth medium. On the other hand, the maximum growth rate (µ max parameter) was less affected by the different growth medium, showing that B. fulva was able to grow very well on both media after being adapted to the environment. The evaluation of the effects of environmental conditions (temperature, water activity, growth media, among others) on mould growth is important to predict the shelf life of food products. Therefore, the primary and secondary models established in the current work could be useful to determine process/storage conditions, which could extend the shelf life of apple juice. The temperature can vary during the production and distribution chain, and the effect of fluctuating temperature on the mould growth can be important. Gougouli and Koutsoumanis (2010) established primary and secondary models and assessed the effect of fluctuating temperature on the growth of Penicillium expansum and Aspergillus niger on malt extract agar. Silva et al. (2013) established models and assessed the growth of B. fulva on papaya pulp under non-isothermal conditions. These models showed good predictive ability to describe the mould growth at fluctuating temperature. Thus, the effect of fluctuating temperature on the growth of B. fulva in apple juice could be studied in a future work using the primary and secondary models established in this study.
CONCLUSION
The adaptation time of B. fulva was more affected by the growth medium than the maximum growth rate, in which B. fulva showed longer adaptation time on solidified apple juice than on culture medium, but growth rates were similar after being adapted in both environment. The LIN, BAR, and HUA models assessed in this work showed good ability to describe the growth kinetics of B. fulva on solidified apple juice. It could be important to emphasize that the Huang model, which was not used to describe mould growth, could also be used successfully to provide the growth parameters µ max and λ. The dependence of these parameters on the temperature was well described by the Square Root and Arrhenius-Davey models, respectively. These models were important to establish the process/storage conditions and apple juice shelf life.
